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The G and P genotypes of 3,601 rotavirus strains collected in the United Kingdom between 1995 and 1999
were determined (M. Iturriza-Gomara et al., J. Clin. Microbiol. 38:4394—4401, 2000). In 95.4% of the strains
the most common G and P combinations, G1P[8], G2P[4], G3P[8], and G4P[8], were found. A small but
significant number (2%) of isolates from the remaining strains were reassortants of the most common
cocirculating strains, e.g., G1P[4] and G2P[8]. Rotavirus G9P[6] and G9P[8] strains, which constituted 2.7%
of all viruses, were genetically closely related in their G components, but the P components of the GIP[8]
strains were very closely related to those of cocirculating strains of the more common G types (G1, G3, and G4).
In conclusion, genetic interaction by reassortment among cocirculating rotaviruses is not a rare event and

contributes significantly to their overall diversity.

Rotaviruses are the major cause of viral gastroenteritis in
infants and young children, producing a significant pediatric
disease burden worldwide (3) and high childhood mortality in
developing countries (33). Therefore, the epidemiology of
rotaviruses has been studied by many groups (reviewed in
reference 16), and intense efforts are devoted to developing a
vaccine (32, 43, 46). One vaccine candidate was licensed for
widespread use in the United States (6), but the recommen-
dation for its usage was retracted after severe and seemingly
vaccine-associated complications (gut intussusception) which
emerged at the implementation stage (7). Although the corre-
lates of protection, virus-specific secreted coproantibodies of
immunoglobulin A and possibly immunoglobulin G subclasses,
are reasonably well identified, the degree of cross-protection
conveyed by a single or several natural infections (50) or vac-
cinations (47) is still poorly understood. In order to evaluate
the effectiveness of vaccines, their protection against rotavirus
strains cocirculating in the population at the time of vaccina-
tion has to be known.

Rotaviruses are a genus of the Reoviridae family and possess
a genome of 11 segments of double-stranded RNA. There are
at least five groups (A to E), and within group A several
subgroups have been defined. Group- and subgroup-specific
antigens are located on VP6, the middle layer protein of the
trilayered rotavirus particle (35). The two outer layer proteins,
VP4 (occurring as 60 spike-shaped dimers) and VP7 (occurring
as 260 trimers), both elicit neutralizing antibodies which are
type specific. Protease cleavage of VP4 results in two frag-
ments, VP8*, the N-terminal fragment where most type-spe-
cific epitopes are located, and VP5*, which contains mainly
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cross-reactive epitopes. A dual typing classification system has
been established defining at least 14 G (glycoprotein, VP7-spe-
cific) types and 20 P (protease-sensitive protein, VP4-specific)
types. Of these, at least 10 different G types and 11 different P
types have been found in human isolates (18).

At present it is not clear how the enormous antigenic and
genomic diversity of rotavirus strains observed at any one geo-
graphical location and any one time is generated, maintained,
or changing over time. For human rotaviruses, four mecha-
nisms have been identified to account for the observed diver-
sity: point mutations, occurring as singular events or accumu-
lating sequentially over time; genomic reassortment in the
progeny of two viruses after coinfection of a single cell; ge-
nome rearrangements (intramolecular recombination); and
the introduction of animal rotaviruses into the human popu-
lation. These mechanisms contribute to the diversity of rota-
virus strains individually and in combination.

Point mutations occur frequently in rotaviruses (~5 X 107/
site/replication, amounting to approximately one mutation per
single genome replication [4]). Some of them are conserved
and passed on to progeny viruses in which they can accumu-
late. Such mutations can be used to define genetic lineages and
sublineages (28, 31, 36), which are useful for classification
and have epidemiological meaning, e.g., by defining outbreak
strains (28). They may be very important in the analysis of
other aspects of the transmission dynamics of rotaviruses (15,
37). Antibody escape mutations may contribute to the anti-
genic diversity and to the generation of monotypes within the
different rotavirus serotypes (9, 44).

Genome reassortment of rotaviruses readily occurs in vitro
under appropriate conditions (for review, see reference 45) but
has also been identified as a mechanism for determining the
progenitors of rotavirus strains isolated in nature, both in hu-
mans and animals (5, 11, 48, 49, 51). Interestingly, the VP4 and
VP7 molecules, situated near each other on the outer layer of
the rotavirus particle, may alter each other’s antigenicity (8) or
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receptor specificity (38) when brought together from different
parents in reassortment progeny. The relative contribution of
reassortment to genomic and antigenic diversity of cocirculat-
ing viruses is under discussion. As rotaviruses of the same
group reassort readily in doubly infected cells and VP4 and
VP7 are encoded by different RNA segments (RNA 4 and
RNA 7, 8, or 9 depending on strain, respectively), various G/P
combinations have been detected in natural human and animal
isolates (14). G1 to G4 and P[4] and P[8] are the most com-
monly found G and P types in human rotavirus strains. Rota-
viruses of the G1P[8], G3P[8], and G4P[8] combinations are
mainly of subgroup II, and viruses of the G2P[4] combination
are mainly of subgroup I.

Genome rearrangements have been observed to occur both
in vitro and in vivo (for review, see references 13 and 45). Their
relative contribution to genomic and antigenic diversity in na-
ture is probably small (compared to that of point mutations
and reassortment) but is essentially unknown.

There is now increasing evidence that animal rotaviruses can
infect humans, either by direct transmission of the virus or by
contributing one or several genes to reassortants with essen-
tially a human strain genetic background (12, 20, 39). The full
significance of rotaviruses arising from an “animal reservoir”
for human infections is not yet defined.

When the relative significance of these evolutionary path-
ways for rotavirus diversity is considered, reassortment stands
out, either occurring between viruses of the same species or
between viruses of different species. In this study, the genetic
analysis of 147 strains from a large collection of fully G- and
P-typed human rotaviruses (29) has shown that genetic inter-
action in vivo among cocirculating human rotavirus strains
resulting in reassortant formation is not a rare event and that
some of these events are of epidemiological significance.

(Beverley Isherwood was an undergraduate student of the
University of Cambridge, and part of this work constituted a
Part II project in partial fulfillment of the requirements for a
B.A. in Natural Sciences.)

MATERIALS AND METHODS

Viruses. The G and P types were determined for a total of 3,601 rotavirus
strains. These viruses were genotyped as part of a large epidemiological survey
from samples collected in 16 different locations throughout the United Kingdom
between 1995 and 1999 (29).

Serology. Subgrouping of rotavirus strains was carried out on a subset of 568
samples by enzyme-linked immunosorbent assay using monoclonal antibodies
specific for subgroup I (255/60) and subgroup II (631/9) as described previously
by Greenberg et al. (26).

G and P typing of rotavirus strains. RNA extraction and nested reverse
transcription (RT)-PCRs using VP4 and VP7 type-specific primers were carried
out as previously described (21, 24, 30, 31).

Nucleotide sequencing of rotavirus cDNA. cDNA sequencing of the VP7 genes
of 39 G1P[8], 6 G1P[4], 14 GIP[6], and 19 GIP[8] rotavirus strains was per-
formed. Consensus fragments of 616 nucleotides (nt) or 367 nt in length (nt
positions 166 to 782 or 417 to 784 for the G9 or G1 strains, respectively) were
used for multiple alignments and phylogenetic analyses. Partial VP4 nucleotide
sequencing (of the VP8* subunit, nt positions 11 to 887) of strains of common G
and P combinations (29 G1P[8], 4 G3P[8], 5 G4P[8], and 5 G2P[4] strains), of
strains with unusual G and P combinations (2 G8P[8], 9 G9P[8], 1 G2P[8], 11
G1P[4], and 1 G4P[4] strains), and of two strains with an unusual P type (G1P[9])
was performed. All sequencing was performed as previously described, using
primers Beg9 and End9 for VP7 genes and Con2 and Con3 for VP4 partial
sequencing (21, 24, 28, 31). The sequence fragments used for phylogenetic
analyses included the type-specific regions and were chosen as the minimum
lineage-defining sequence lengths. Lineages within types were defined as clusters
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of sequences with >90% homology and were confirmed by two different tree-
building methods and bootstrapping.

Phylogenetic analysis. Phylogenetic analysis using the Clustal, maximum-like-
lihood, maximum-parsimony, and neighbor-joining methods was performed us-
ing the Megalign (DNAstar; Lasergene, Madison, Wis.) and Bionumerics (Ap-
plied Mathematics, Kortrijk, Belgium) software programs.

Sequences used. The VP7 partial sequences of the G9 strains found in the
United Kingdom have the following EMBL accession numbers: AJ401238 to
AJ401267 inclusive. VP7 and VP4 sequences obtained from GenBank/EMBL
were used for comparisons. The VP7 sequences were as follows: L14079 (116E);
K02033 (Wa); D16343 (KU). The VP4 sequences were as follows: M96825 (Wa);
M21014 (KU); U07753 (P[4]); M32559 (P[4]); AF076925 (P[6]); AB008289
(P[9]); D10971 (FRV1); D13403 (Cat2); D90260 (K8); D10970 (AU1).

RESULTS

G and P type combinations of rotavirus strains collected
from 16 catchment areas in the United Kingdom from 1995 to
1996 and 1998 to 1999. Both the G and P types were deter-
mined by RT-PCR in 3,601 of 4,021 (89.6%) rotavirus-positive
stool specimens collected in the United Kingdom over a period
of 4 rotavirus seasons (1995 through 1999). The data are sum-
marized in Table 1 (29; unpublished results for 1998 to 1999).
Although G1P[8], G2P[4], G3P[8], and G4P[8] were the four
most frequently found cocirculating G and P combinations,
representing 95.4% of all typed strains, several subsets of less
commonly observed combinations were found in the United
Kingdom over this period: (i) unusual combinations of com-
mon G and P types, G1P[4], G2P[8], and G4P[4], which rep-
resented 1.4% of all typed isolates (Table 1); (ii) an uncommon
G/P type combination, G9P[6], which appeared in the United
Kingdom first in 1995 to 1996 and represented 0.7% of all
strains typed (Table 1); (iii) combinations of common G types
with uncommon P types, G1P[6], G1P[9], G3P[6], G3P[9Y], and
G4P[6], representing 0.6% of all strains, and vice versa, of
uncommon G types with common P types, G8P[8] and G9P|S],
which constituted 2% of all strains (Table 1).

Partial VP7 sequences and phylogenetic analysis of G1
strains. The analyzed strains clustered into three different ge-
netic lineages (I, II, III) and two sublineages, each within
lineages I and III (Fig. 1). The lineages were confirmed by both
Clustal and maximum-parsimony phylogenetic methods. Some
of the lineage-defining amino acid substitutions have been
described elsewhere (17, 36), but sublineages within lineage 111
had not been previously described. G1 viruses of lineage IV
were not found among the United Kingdom strains investi-
gated. The sequences of the six G1P[4] strains clustered exclu-
sively within lineages I and II (Fig. 1). The VP7 sequences of
the G1P[4] strains were more closely related to the VP7 se-
quences of GI1P[8] strains (>96% homology at nucleotide
level) within their corresponding lineages than to those G1P[4]
strains of a different lineage (=95% homology at nucleotide
level) (Fig. 1 and Table 2).

Partial VP7 sequences and phylogenetic analysis of G9
strains. The VP7 sequences (nt 166 to 782) of the G9 strains
were all very closely related (identities of =97%), but several
lineages could be distinguished (Fig. 2). Within lineage I-B, the
VP7 genes of G9P[6] and GYP|[8] strains shared nearly identi-
cal sequences (e.g., 107071-97/98 G9P[8] Birmingham with
104907-97/98 GO9P[6] Birmingham, 132-97/98 GOP[8] Peter-
borough, 422-97/98 G9P[8] Leeds, etc.).
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TABLE 1. G and P genotype combinations of the rotavirus strains typed by RT-PCR*
G/P No. (%) of combinations in different seasons
combination 1995-1996 1996-1997 1997-1998 1998-1999 Total

GI1P[8] 407 (56.9) 919 (86.5) 830 (73.1) 632 (92.0) 2,789 (77.5)
G2P[4] 128 (17.9) 20 (1.9) 180 (15.9) 27 (3.9) 355(9.9)
G3P[8] 45 (6.3) 45 (4.2) 5(0.4) 2(0.3) 97 (2.7)
G4P[8] 83 (11.6) 45 (4.2) 53 (4.7) 13 (1.9) 194 (5.4)

Subtotal 663 (92.7) 1,029 (96.8) 1,068 (94.0) 674 (98.1) 3,434 (95.4)
G1P[4] 11 (1.5) 13 (1.2) 9(0.8) 1(0.1) 34 .(0.9)
G1P[6] 2(0.3) 0(0.0) 0(0.0) 0(0.0) 2(0.1)
GI1P[9] 0(0.0) 1(0.1) 2(0.2) 2(0.3) 5(0.1)
G2P[8] 6(0.8) 0(0.0) 3(0.3) 0(0.0) 9(0.2)
G3P[6] 11 (1.5) 0(0.0) 0(0.0) 0(0.0) 11 (0.3)
G3P[9] 1(0.1) 0(0.0) 0(0.0) 0(0.0) 1 (0.0)
G4P[4] 1(0.1) 2(0.2) 2(0.2) 1(0.1) 6(0.2)
G4P[6] 1(0.1) 0(0.0) 0(0.0) 0(0.0) 1 (0.0)
GS8P[8] 0(0.0) 0(0.0) 2(0.2) 0(0.0) 2(0.1)
GIP[6] 18 (2.5) 0(0.0) 8(0.7) 0(0.0) 26 (0.7)
GIP[8] 1(0.1) 18 (1.7) 42 (3.7) 9(1.3) 09 (1.9)

Subtotal 52(7.3) 34 (3.2) 68 (6.0) 13 (1.9) 167 (4.6)

Total typed 715 1,063 1,136 687 3,601

¢ Samples were collected during the seasons 1995 through 1999 from up to 16 different catchment areas throughout the United Kingdom. The data collected between

1995 and 1998 have been published previously (29).

Partial VP4 sequences and phylogenetic analysis of P[8]
strains. All P[8] genes analyzed clustered in three previously
defined lineages (24, 31, 36) (Fig. 3), but the following obser-
vations are noteworthy.

(i) No significant genetic differences were observed in the
VP8* region of the VP4 gene between the putative reassortant
viruses (G8P[8], GIP[8] and G2P[8]) and the strains of com-
mon G and P combinations (G1P[8], G3P[8], and G4P[8]).
Reassortants and common types fell within the same lineages
and sublineages (Fig. 3).

(ii) P[8] lineage I was found to be exclusively made up of G1
strains (Fig. 3).

(iii) P[8] lineage III was found less frequently than the other
two lineages and in combination with VP7 genes of G4 and G9
but not of G1.

Partial VP4 sequences and phylogenetic analysis of P[4]
strains. The VP4 genes of G1P[4] (uncommon) were very close-
ly related to those of representative G2P[4] (common) strains
(Fig. 4; e.g., 621-95/96 G2P[4] Cambridge with 111-95/96 G1P[4]
Belfast and 487-97/98 G1P[4] Plymouth; 30-96/97 G2P[4] Read-
ing with 85-96/97 G1P[4] Reading; 525-95/96 G2P[4] Cam-
bridge with 575-95/96 G1P[4] Cambridge; 1142-96/97 G2P[4]
Plymouth and 468-96/97 G2P[4] Birmingham with 1070-96/97
G1P[4] Plymouth and 1131-96/97 G1P[4] Plymouth).

Partial VP4 sequences and phylogenetic analysis of P[9]
strains. Partial VP4 gene sequences of two G1P[9] strains (nt
232 to 822) were compared with P[9] sequences obtained from
the GenBank database (Fig. 5). Their partial sequences, like
those of other human P[9] rotavirus strains found elsewhere
(AU, K8), were closely related to the corresponding sequences
of rotaviruses of feline origin (Cat2, FRV1).

VP6 serology and G/P combinations. The subgroups were
characterized for 568 fully G- and P-genotyped strains; 116
(20.4%) were of subgroup I, 365 (64.3%) were of subgroup II,
24 (4.2%) were of subgroups I and II both, and 63 (11.1%)

were non-I, non-II. While most viruses of subgroups I and II
were G2P[4] and G1P[8], G3P[8], or G4P[8], there were 10 ex-
ceptions (Table 3): one specimen each of the G1P[8], G3P[8],
and G4P[8] viruses was of subgroup I, and seven of the G2P[4]
viruses were of subgroup II. Thus, the number of strains with
common G and P combinations but from uncommon sub-
groups amounts to 10 of 468 (2.2%) strains investigated and
appears with a frequency similar to that for the unusual com-
binations of common G and P types (1.4%; Tables 1 and 3).

DISCUSSION

Epidemiological surveys of rotavirus infections have been
carried out since the late 1970s (reviewed in reference 16).
Initially, G serotyping by means of monoclonal antibodies es-
tablished that serotypes G1 to G4 predominated in Europe,
North America, and Australia but also established that many
rotaviruses were not typeable at the time (termed “non-G1 to
G4” rotaviruses) and were very prevalent in South America,
Africa, and Asia. Since the early 1990s, when genotyping be-
came available for both the G and P components of the virus
(21, 24), a more complete assessment has been possible and a
more complex picture has emerged. Viruses with various G
and P combinations were found, suggesting a diverse gene pool
in the overall population of human rotaviruses and leading to
speculations about their origin (16).

There is now strong evidence to suggest that cocirculating
rotavirus strains continuously interact genetically by reassort-
ment. Sequencing of the VP7 and VP4 genes of rotavirus
strains with common and uncommon G/P combinations, se-
lected from a large collection of strains found in the population
of the United Kingdom between 1995 and 1999 (29), provided
the evidence of reassortment between cocirculating rotavirus
strains.

The comparison of sequence data obtained from G1P[§]
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I-A

I1I-B

I-A

I-B

> G1 Lineage II

G1 Lineage 111

G1 Lineage I

G1 Lineage IV

FIG. 1. Phylogenetic tree constructed from nucleotide sequences of the VP7 gene (nt 417 to 784) of the rotavirus strains G1P[8] and possible
reassortants G1P[4] using Clustal and neighbor-joining methods. Laboratory number, rotavirus season, G/P combination, and geographical origin
of the strains are indicated. Prototype strains KU and Wa were included (GenBank accession numbers D16343 and K02033, respectively). VP7
sequences derived from G1P[4] strains are underlined. Bootstrap values are indicated in the dendrogram. The calibration bar indicates percent

homology.
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FIG. 2. Phylogenetic tree constructed from partial nucleotide sequences of the VP7 gene (nt 166 to 782) of the G9 rotavirus strains using the
maximum-likelihood method. Nomenclature of the sequences indicates the laboratory number, season of isolation, the G and P types of the strains,
and the geographical origin, OB indicates outbreak strains. The VP7 sequence of strain US1205 was provided by C. Kirkwood and that of strain
116E was obtained from GenBank (accession number L14072). Brackets indicate lineages I-A, I-B, II, and III. The calibration bar indicates percent
homology. Strains from the United States and India are underlined. Sequences of Mysore strains were obtained from G. Kang, Vellore, India.

strains and of the possible reassortant strains G1P[4] showed
that the VP7 sequences of all the G1 strains segregated into
lineages independent of their P type. The G1 sequences of
G1P[4] strains are firmly embedded in the G1 lineages I and II
of common GI1P[8] strains and are not a component of a
separate lineage. Similarly, VP4 sequences of G2P[4], G4P[4],
and G1P[4] clustered together and were highly homologous.
These findings strongly suggest that G2P[8], G1P[4], and
G4P[4] strains originated through reassortment between the
cocirculating G1P[8], G2P[4], and G4P[8] rotavirus strains.
Also, the putative reassortant strains were found more com-
monly in seasons in which G1P[8], G2P[4], G3P[8], and G4P[8§]
were cocirculating at relatively high frequencies and were
found rarely in seasons in which G1P[8] strains were over-
whelmingly predominant (Table 1).

Further evidence for reassortment was obtained by compar-
ing partial VP4 sequences obtained from P[8] strains in com-

bination with the G1, G2, G3, G4, G8, or G9 type. Strains of
P[8] lineages I and II were found more frequently than strains
of lineage III. Particular associations were found between the
P[8] lineages and the G types of the different strains. P[§]
lineage II was found to contain rotavirus strains of G types G1,
G2, G3, G4, G8, and G9, and the VP4 sequences of all these
strains were highly homologous. The clustering within this lin-
eage was not associated with the G type of the strains. This may
suggest that these strains have all originated through reassort-
ment during dual infection. By contrast, all the strains in P[§]
lineage I were G1, which may indicate some constraint to
reassortment involving these strains. However, a small number
of G4P[8] strains of P[8] lineage I have been identified in a
study in Finland (36). P[8] lineage III was found at much lower
frequency, and only G4 or G9 strains were identified in this
cluster; the lack of G1 strains associated with this lineage may
explain its lower incidence. Also, this may suggest that there
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FIG. 3. Phylogenetic tree constructed from partial nucleotide sequences of the VP8* fragment of VP4 genes (nt 11 to 887) of the rotavirus
strains G1P[8], G3P[8], and G4P[8] and of possible reassortants G2P[8], G8P[8], and G9P[8] using the Clustal method and Megalign. Laboratory
number, rotavirus season, G/P combination, and geographical origin of the strains are indicated. Representative strains of the different VP7 G1
lineages (Fig. 2) are indicated (*). Strains Wa and KU (GenBank/EMBL accession no. M96825 and M2114, respectively) and a P[6] strain
(GenBank/EMBL accession no. AF(076925) were included for comparisons. Strains whose sequences were obtained from GenBank/EMBL are

shaded. The calibration bar indicates percent divergence.

are constraints against reassortment between P[8] lineage III
strains and G1 strains and perhaps also between P[8] and other
G types; however, larger data sets are necessary to strengthen
this hypothesis.

Reassortment opportunities depend on double infections of
cells and hosts. Those have been found with a frequency of 2%
in the United Kingdom collection (29). Mixed infections were
identified by the presence of more than one amplicon corre-

sponding to different G and/or P types in the same sample and
included G1 + G2/P[4] + P[8], G1 + G2/P[4], G1 + G2/P[8],
G2 + G4/P[4], G1 + GY/P[6], and G1 + G9/P[8], which could
have given rise to the reassortant strains described in this study
(G1P[4], G2P[8], G4P[4], and GIP[8]). In controlled animal
experiments, isolates containing two parental strains and a
reassortant strain or containing one parental strain and a re-
assortant strain were found (22). It is possible that the four
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FIG. 4. Phylogenetic tree constructed from nucleotide sequences
of VP8* regions of the VP4 genes (nt 11 to 887) of rotavirus strain
G2P[4] and possible reassortants G1P[4] and G4P[4], using the Clustal
method and Megalign. Laboratory number, rotavirus season, G/P com-
bination, and geographical origin of the strains are indicated. VP4
sequences of two P[4] strains (GenBank/EMBL accession no. U07753
and M32559) and a P[8] strain (Wa, GenBank/EMBL accession no.
M96825) were included for comparison (shaded). Possible reassortant
strains are underlined. The calibration bar indicates percent diver-
gence.

common G/P combinations represent the genetically fittest
rotavirus strains and that other combinations may be evolu-
tionary dead ends. However, mixed infections and putative
reassortant strains have been found at much higher frequency
(up to 30%) in other countries, particularly in the developing
world (1, 49), and there is evidence that putative reassortants
can spread and become epidemiologically significant strains,
e.g., G1P[4] in Argentina (2) or G2P[8] in Bangladesh (49).
Also, the increase in the incidence and spread of infection with
GOIP[8] strains during 3 consecutive years in the United King-
dom (29) suggests that even if G1P[8], G2P[4], G3P[§], and
G4P[8] strains are seemingly better adapted in genetic terms,
there is still room for the successful introduction and cocircu-
lation year after year for other rotavirus strains.

Strains G1 to G4 in combination with P types other than P[8]
and P[4] and non-G1-to-G4 strains were relatively rare in the
collection of samples analyzed here, with the exception of G9
strains. G9 strains were first found in the United Kingdom as
GIP[6] in 1995 to 1996 (10, 28) and were displaced by GIP[8]
strains in subsequent years. There was evidence that GOP[6]
strains are a relatively recent introduction into the human
population (28, 29) and that reassortment was the underlying
mechanism for the origin of the G9P[8] strains, based on phy-
logenetic analysis of VP7 and VP4 gene sequences. The rela-
tive lack of diversity between the VP7 nucleotide sequences of
the United Kingdom G9 strains and between the VP4 nucle-
otide sequences of the P[6] strains, the chronological clustering
of the VP7 sequences of G9 strains into lineages, and the
coexistence of more than one VP7 lineage coinciding with the
time in which the incidence and spread of G9P[8] strains
reached the highest levels all provide evidence for a relatively
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recent introduction of G9P[6] strains, their reassortment with
common P[8] strains, and the spread of G9P[8] rotaviruses into
the human population. In contrast, the VP4 nucleotide se-
quence of the G9P[8] strains revealed greater genetic variabil-
ity, clustering in the same global lineages identified from se-
quences of P[8] rotavirus strains occurring in combination with
other G types (Fig. 4) and not correlating with geographical or
temporal clustering (25, 31, 36). Dual infections in 1995 to
1996, characterized by samples containing G1 and G9 in com-
bination with P[6] and containing G1 and G9 in combination
with P[8], which are a prerequisite for reassortment, were also
found (28).

P[9] sequences in two G1 strains found in the United King-
dom were closely related to those of rotaviruses of feline ori-
gin, similar to recent findings in the United States (27). There
is now increasing evidence that animal strains may infect hu-
mans and possibly become more prevalent in humans, e.g.,
G5P[8] in Brazil, GOP[11] in India, and G9P[6] in India and
more recently in the United States and Europe (reviewed in
reference 16).

Uncommon associations between G/P type and subgroup
occurred at approximately 2%; such viruses have previously
been shown to be in vivo reassortants (19, 34). As observed in
other studies, the majority of the subgroup I strains were
G2P[4] strains. However, a small percentage of G2P[4] strains
were of subgroup II, which provided further evidence for re-
assortment. If it is assumed that a subgroup normally segre-
gates with P type (P[4] with subgroup I and P[8] with subgroup
IT), then four G1P[4] strains which should be of subgroup I can
be regarded as violating this rule; they may have arisen through
the reassortment of the VP4 of G2P[4] subgroup I with the
VP7 and VP6 of G1P[8] subgroup II or are possible double
reassortants. The presence of VP6 reassortants suggests that
this mechanism of creating diversity is not confined to the VP4
and VP7 genes of rotaviruses.

Reassortment appears to be the principal mechanism re-
sponsible for the enormous diversity within the rotavirus pop-
ulation. The ease with which rotaviruses can reassort in vitro
and in vivo and the occasional isolation from humans of rota-
viruses containing gene segments highly homologous to those

507-96/97-G1P[9] Birmingham
90260 K8 -G1P[9] strain-Human RV
D13403 Cat2-Feline RV
I—[ D10971 FRV1- Feline RV
4 D10970 AU1- Human RV
AB008289 G3P[9] strain-Human RV
M96825VP4 G1P[8] Wa

T T T T T T 1

30 25 20 15 10 5 0

112-98/99-G1P[9] Aberdeen
£

31.8

FIG. 5. Phylogenetic tree constructed from partial nucleotide se-
quences (nt 232 to 822) of the VP4 gene (corresponding to the hyper-
variable region of VP8*) of the P[9] rotavirus strains found in the
United Kingdom (underlined) and reference human and feline rota-
virus P[9] strains, using the Clustal method and Megalign. Nomencla-
ture of the strains indicates the laboratoy number followed by the G/P
type and the geographical origin of the isolates for the United King-
dom strains. Sequences of P[9] strains and of a P[8] strain (Wa) were
used for comparison. Accession numbers, strains, and hosts from
which the P[9] strains were isolated are indicated. The calibration bar
indicates percent divergence.
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TABLE 3. VP6-specific subgroup of 481 rotavirus strains with full G/P type identification”
G/P No. of subgroup I % Total no. of No. of subgroup II % Total no. of Total no. of
binati strains for each subgroup I strains for each subgroup II strains for G/P
combmation GP combination strains GP combination strains GP combination”
GI1P[8] 1 0.9 265 72.6 266
G2P[4] 108 93.9 7 1.9 115
G3P[8] 1 0.9 36 9.9 37
G4P[8] 1 0.9 48 13.2 49
GI1P[4] 3 2.6 4 1.1 7
G2P[8] 0 0.0 4 1.1 4
G3P[9] 1 0.0 0 0.0 1
G4P[4] 1 0.9 0 0.0 1
GOIP[6] 0 0.0 1 0.3 1
Total 116 365 481

“The numbers of strains with common G and P genotype combinations but with an unusual subgroup association are indicated in boldface.

b Samples reacting as I + II or non-I, non-II were excluded.

of animal strains also support this evolutionary mechanism (5,
40, 41, 48).

The introduction of novel rotavirus strains into the human
population in the developing world is thought to be associated
with close contact among humans and between humans and
domestic livestock, especially in areas prone to flooding or with
a monsoon climate (1). Perhaps it is not surprising that in the
developing countries, where crowded living conditions and
closer contact with domestic animals are common, there is a
greater diversity of rotaviruses in the human population than
in developed countries. In time, G1P[8], G2P[4], G3P[8], and
G4P[8] may no longer be considered the “common” human
rotavirus types, at least in some parts of the world. The unusual
strains found in the United Kingdom may have been intro-
duced by importation from other countries where the above
conditions are met and where “unusual” genotypes are more
prevalent, or they may have been introduced into the human
population either by zoonotic transmission or by reassortment
between animal and human rotaviruses (29).

From the present study it can be estimated that 1 in 20
rotavirus infections in the United Kingdom, amounting to ap-
proximately 25,000 cases in England and Wales annually (29),
is caused by rotavirus strains different from G1P[8], G2P[4],
G3P[8], and G4P[8], which are considered to be the most
common rotavirus strains cocirculating at present. Those
strains that have unusual combinations of the above G and
P types are unlikely to have a major impact in the levels of
protection of the population or for vaccination purposes. How-
ever, approximately 60% of the possible reassortants observed
have G and/or P types different from those given above and
may have an animal origin. Furthermore, G9P[8] strains were
found in the United Kingdom to be the third most common
strains between 1997 and 1999, with an incidence higher than
that of G3P[8] strains (29; unpublished data).

In summary, there is now compelling evidence to put forth
reassortment among cocirculating human rotavirus strains as a
continuously operative mechanism, as suggested by Gouvea
and Brantly (23), and as analogous to that observed for influ-
enza viruses, where the significance of reassortment for patho-
genesis has been worked out in detail (42). Cosurveillance of
animal and human rotavirus strains will be vital to gain a better
understanding of the relationships between cocirculating rota-

viruses, before and during the implementation of any vaccina-
tion program.
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